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AllSIXACrl’

We describe a novel oscillator that converts continuous light energy into stable and
spectrally pure nlicrowave signals. ‘l’his 1,i[;ht ]ncluced Microwave Oscillator, l.lMO,
consists of a pun]p laser and a feedback circuit inclllding an intensity n~odulator,  al]

of~tica]  fiber delay line, an photodetector, an an~plifier,  and a filter. We develop a
quasi-linear theory and obtain expressio]ls  for the threshold condition, the
an~plituclc,  the frequency, the linewidth, ancl the spectral power density of the

oscillation. We also present experimental data to compare with the theoretical
results. Our findings indicate that the 1 JM() can generate ultra-stable, spectrally
pure n~icrowave  ref~rence signals up to 75 (J ]Z with a phase noise lower than -140

dBc/llz  at 10 Kllz.



INTROl~UC’I’10N

C)scillators are devices that convert energy fron~ a continuous source to a
periodically varying signal. ‘l-hey represent the physical rcaliz,ation of a

fundan~cnta]  basis of all physics, the harn~onic  oscillator, and they arc perhaps t}}e
n~ost widely used devices in the Inocicrn day society. ‘lToday a variety of n~cchanical]
(such as the pendulum), electron~agnctic  (such as I ( ?,3 and cavity baseda), and

atonlic (such as nlasc+ and lasers~)  oscillators provide a clivcrse range in the
approxinlation  to the rcaliz, ation of the icie.al harmc)nic  oscillator. ~’he degree of t}w
spectral purity and stability of the outpuf  signal of {he oscillator is the rneasurc of

the accuracy of this approxin~ation,  and is fundarncntal]y  dependent on the energy
storage ability of the oscillator, detcnnincd  l)y the resistive loss (Scnerally  frequency

dependent) of the various clcn~cnts in the oscillator.

An in~portant  type of oscillator widely used today is the electronic oscillator. The

first such oscillator was invented by 1.. Ile l:orcstz ill 1912, shortly after the

dcvclopn]cnt  of the vacuunl tube. in this {riodc based device known as the “val~
der Po] oscillators” the flux of electrons emitted by the cathode and flowing to the

anode is n~odulated  by the potential on the intervening ~rid. “1’his  potential is
derived fron~ the feedback of the current in the anc)dc  circuit containing an energy
storage elen~ent (i.e., the frequency sclcctin~ 1,C filter) to the ~rid, as shown in l~ig.

la.

Today the solid state counterparts of these “valve” oscillators based on transistors
are pervasive in virtually every applicatio]l  of electronic devices, instrunwnts,  and

systems. 1 Mspitc their widespread use, electronic oscillators, whether of the vacuum
tube or the solid state variety, are relatively noisy ancl lack adequate stability for
applications whew very high stability and spectral purity are required. The
lin~itation  to the perfornlance  of electronic oscillators is clue (o ohnlic and

dispersive losses in various elcn~ents  in the oscill:itor including the 1 C resonant
circuit.

l~or approxin~atc]y  the past fif!y years t}le practice of reclucinc the noise in the
electronic osci]la{or by con~bining  it with a high quality factor (~)) resonator has been
followed to achieve in~proved stability and spcctr:d ln~rity. ‘1’hc Q is a figure of n~erit

for the resonator given by [/= 2@T~ where Td is tile energy decay tinw that nwasurcs
the energy stora~c ability c)f the resonator and .~ is tl~e resonant frequency. 1 ligh Q



resonators used for stabilization of the electronic oscillator i]lclude n~echanica]
resonators, such as quartz crystalsT/~,  elect ron~agiwt  ic wsonators, such as dielect ric
cavities,g and acousticlo  and electrical delay lines, where the delay tin~e is equivalent
to the energy decay tin~c T~ and detcwnines the achievable Q. ‘J’his combination

with a resonator results in hybrid type oscillators rc’fcrrcci  to as electrc)l~~ccl~ar~ical,
elcctron~agnetic, or e]ectro-acoustic,  cicpcncling on the particular resonator used
with the oscillator circuit. l’he choice c)f the particlllal’ resonator is ~cneral]y
cietcmnineci  by a variety of factors, but for the hiShcst achievable <)’s at room
tcn?peratures the crystal quartz,  is the resonator of ( hoice for tile stabilization of the

electronic oscillator. 1 lowcver,  because quartz resonators have only a few high Q
resonant nlocies at low frcquencies,~j~ they have lin litcci ran~e of frequency
tunability and cannot be used to directly gerlerate high frequency signals.

in this paper we introduce a novel photonic oscillator] 1712  characterized by spectral
purity and frequency stability rivaling the best crystal oscillators. ‘1’his  oscillator,
shown schen~atical]y in liig. lb, is based on co~~ver[in[: the continuous light energy

fron~ a pun~p laser to radio frequency (KF) and n~icrowave  signals, and thus we refer

to it with the acronym 1 JM() for the 1,ight lnduccci Microwave Oscillator. The IJMO
is fundan~cntal]y  sin~ilar to the van tier Po] oscillator with photons replacing the
function of electrons, an electro-optic  (E/0) nlo(iu]ator  replacing the function of the

grid, and a photocietector replacing the function of the anode. The energy storage
function of the I.C circuit in the van der Po] oscillator is rep]aceci  with a long fiber
optic delay line in the I,lMO.

I)cspite  this close sin~ilarity,  the 1,lMO is characterized by significantly lower noise
anti very high stability, as well as other functicn~al characteristics which are not
achieved with the electronic oscillator. The superior perforn~ance of the 1,]MC)
results from the use of electro-optic  anti photonic (ornponents  which are generally

characterized with high efficiency, high speed, and lC)W ciispersion  in the n~icrowave
frequency reginle. Specifically, currently there are photodetectors available with as
high as 90% quantunl efficiency, and can respond to signals with frequencies as high
as 110 C;] lz.1~ Sin~ilarly,  1{/() n~odu]ators  with 75 (;1 IZ frequel[cy response are a]scr
avail ab]e.la  IJina]ly, the commercially available optical fiber which has a small loss
of 0.2 ciB/kn~ for 1550 nrn light allows ]on[; storage time of the optical energy with
negligible dispersive ]OSS (]OSS ciependent On f~ ecl~]cncy) for the intensity
n~odulations  at n~icrowave frequencies.
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3’he 1 JMO may also be ccnwidcrecl as a hybrid oscillator in so far as its opcraticm

involves both light energy  and microwave si~na]s. Nevertheless as a hybrid
oscillator, the lJMO is unique in that its output may be obtained both directly as a
microwave signal, or as intensity mmlulatiol~  of a optical carrier. This property of
the 1 J MO is quite important for al>p]icat  ions invol\ing optical elements, devices, or
systc’n@

‘]’hc ring configuration consisting of an electro-of>tic moclu]ato~  which is fed back

with a signal from the detected light at its output has been prcwiously studied by a
number of investigators interested in the nonlinear dynamics of bistable  optical
devices.~ 5-]9 ~’hc usc of this configuration as a f>ossible osci]]ator  was first suggested
by A. Ncycr  and 11.  Voges.zo ‘1’hc interest of their i~ivestigations was however
primarily focused On the non]in~ar  re~il~le and the chaotic dynamics of the

oscillator. ‘1’his  same interest persisted in the work of “1’. Aicla and l). I)avis,*~ who
used a fiber wave guide as a delay line in the loop. Our studies, by contrast, are
specifically focused On the stable oscillation dynamics and the noise properties of the

oscillator. l’he sustainable quasi-] inea?’ dynamics, lmth in our theoretical and

experimental demonstrations, are arrived at by the inclusion of a filter in the
feedback loop to eliminate harmonics gene~ atml b) the

1;/0  modulator. ‘I”his approach yields stable, low ]Ioisc
supports the analytical formulation presented her(’.

nonlinear response of the
oscillations which closely

in this paper we first describe the oscillator and identify the physical basis for its
operation. We then develop a quasi-linear theory for the oscillator dynamics, and
for the oscillator noise. Res~llts of the tl~e{~ry is then compared with experimental
results.

I~l;SCRll)TION ol~ ‘H ]E OSCI1  ,1 ,A’1’OR

‘1’he 1 JMO utilizes the transmission characteristics of a modulator together with a
fiber optic delay line to convert li@t ener~)y into stable, spectrally pure
Rl:/nlicrowave  reference signals. A cietailcd construction of the oscillator is shown
schematically in l~ig. 2. In this depiction, li~ht  fro:n a laser is introduced into an }i/O
modulator, the output of which is passed through a long optical fiber, and detected
with a photoddector. I’hc output of the photodetector is amplified and filtered and
fed back to the electric port of the modulator. ‘1’his confi~uraticm supports self
sustained oscillations, at a frequency dctel lnined by the fiber delay length, bias
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setting of the modulator, and the bandpass characteristics of the filter. It also

provides for both electric and optical outputs, a feature which is of considerable
advantage tc) photonics  applications.

We use a regenerative feedback approach to analyx.f’  the spectral properties of the
I J MO. Similar methods have been successfully used to analyze lascrs5 and surface
acoustic wave oscillators.  zz ‘1’he conditions for self sustained oscillations include
cohcrcmt  addition of partial waves each way around the loop, and a loop gain

exceeding losses for the circulating waves in the loop. ‘1’he first condition implies

that all signals that differ in phase by some multiple of 27t from the fundamcmtal
signal may be sustained. “1’hus  the oscillation fre~u~!ncy  is limited only by the
characteristic frequency response of the modulator, and the setting of the filter,
which eliminates all c)tl~er sustainable oscillations. Tllc second condition imf>lies

that with adequate light input power, .self sustainec]  oscillations may be obtained,

without the need for the Rl:/n~icrowave  amf>lifier in the loop. ‘1’hcse characteristics,
expected based on the qualitative analysis of the OS( illator dynamics, are
mathematically derived in the fc)l]owing sections.

QUASI-LINEAR 1’1 II;ORY 01’ T] 11{ 1,Ihdo

In the following sections we introduce a quasi-linear theory to study the dynamics

and noise of a LIMO. In the cliscussion,  we assume that t}~e }1/0 modulator in the
oscillator is of the Mach-Zchnder  type. 1 Iowever, t] [e anal ysis of oscillators made
with different 1;/0 modulators may follow the same procedure. The flow of the
theory is as follows. IIirst the open loop characteristics of a photonic link consisting

of a laser, a modulator, a fiber delay, and photodetector is determined. We then
close the loop back into the modulator and invoke a quasi-linear analysis by
including a filter  in the loop. l’his approach leads ~is to a formulation for the

amplitude and the frequency of the oscillation. in the next step we consider the

influence of the noise in the oscillator, a~ain  assistc[l by the presence of the filter
which limits the number of circulating l~ourier components. We finally arrive at an

expression for the spectral density of the IJMO whi(h  would be suitable for
experimental investigations.

A. Oscillation Threshold
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The optical power from the 1{/0 modulator’s output port that forms the loop is
related to an applied voltage ~fl(l) by:

where a is the fractional ilwertion loss of the modulator, Vn is its half wave voltage,

V,, is its bias voltage, 1; is the input optical power, and q determines the extinction

ratio of the modu]ator by (I+ T])/(1 --- ?]).

If tlw optical signal P(I) is converted to an electric si};nal by a photodetector, the

output electric signal after an 1<1: amplifier is:

where p is the responsivity  of the detector, 1< is the load impedance of the
photodetector, G. is the amplifier’s voltage Sain, and 1~,, is the photovo]tage defined

as:

with 1,,,, = a)~p /2 as the photocurrent. ‘1’hc 1 JMO  is formed by fcccling the signal of

liq. (2) back to the l<]: input port of the 11/0 moclulator. ‘1’hercforc the small signal
open loop gain G~ of the 1 JMO is:

~; ~ fi~,, l]71vh
s ‘-- cos($v~ )

dqn “ .0 ‘-” --- Vn
,“

n

(4)

The highest small signal gain is obtained when the modulator is biased at
quadrature, that is when VB = O or V,. Ikom llq. (4) tme may see that C;S can be either
positive or negative, depending On the bias voltage, The modulator is said to be
positively biased if cj$ >0, otherwise is negativc]y biased. ‘J’herefore,  when VB c O,

the modulator is biased at negative quadrature, while when VB = Vz, the modulator

is biased at positive quaclrature. Note that in most extcrl~a]]y modulated photonic
links, the 1+/0  modulators can be biased at either positive or negative quadrature
without
polarity

affecting its performance. 1 lowevcr,  as will be seen next, the biasing
will have an important effect o]~ the operation of the 1 JMO.
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In order for the lJMO to oscillate, the n~agnitudc  of the small signal open loop gain
must be larger than unity. l:rom l!q. (4) we immediately obtain the oscillation
threshold of the I JMOto be:

V,h =“ v*/[7n)lcos(7LvR /v* )1] (5)

l:or the ideal case in which q = 1 and VB = O or V’n, l;q. (5) becomes:

Vph ~ Vn /71 (6)

lt is important to notice from l{q. (3) and F,q. (6) that the amplifier in the loop is not a
~leccssary  condition for oscillation. So long as lP~R;>  Vn/z is satisfied, no amplifier is

needed (C;~ == 1). It is the optical power from the pulnp laser that actually supplies
the necessary energy for the 1 JMO. This property is of practical significance because

it enables the 1 JMO to be powered remotely using an fq>tical fiber. Perhaps more
si~nificantly,  however, the elimination of t}le amp] ifiw in the loop also eliminates
the amplifier noise, resulting in a more stal)le oscillator. lk)r a modulator with a V,

of 3.14 volts and an impedance R of 50 L1, a photoc~lrrent of 20 mA is required for
sustaining the photonic  oscillation without an amplifier. ~“his corresponds to an

optical power of 25 mW, assuming the responsivity p of the photodetector to be 0.8
A/W.

B. l.incarization  Of the E/O Modulators Response Function

in general, l;q. (2) is nonlinear. If the electrical inpll{ signal ~~(f) to the modulator is
a sinusoidal wave with an angular frequency of [o, an amplitude of VO, and an initial

phase /?:

the output at the photodetector, Vou, (r), can be obtail lecl by substituting llq. (7) in llq

(2) and expanding the left hand sicle of llq. (2) with Bessel functions

It is clear from ]Iq. (8) t}~at the ou{put contains nlal~y harmonic components of @.



8

The output can be linearized if it passes through an RF filter with a bandwidth
sufficiently narrow to block all harmo~lic  componcv~ts. I’hc lineari~,ed  output call be
easily obtained from l~q. (8) to be:

Vo”, (r) == G(vo)yn(l) (9a)

where the voltage Sain coefficient G(VO) is defined ;IS:

(lOa)

It can be seen that the voltage gain ‘G(VO ) is a nonlinear function of the input
amplitude V. and its magnitude decreases lnonotollical]y with VO. I Iowever,  for a

small enough input signal ( VO << Vn and J] ( nVO

l;q. (lOa) the small signal gain: G(VO) u G$.

If we expand the left hancl side of liq. (2) with I
be obtained as:

l;) ‘= fi-Vo/2Vm ), we can recover frol~l

ayl(jr series, the gain cocfficicmt can

(lob)

It should be kept in mind that in gcmera], G( VO ) is also a function of the freque~lcy (o
of the input signal, because Vph is linearly proporti(ma]  to the [;ain of the RF

amplifier and the responsivity  of t}~c photodetector, which are all frequency
dependent. In addition, the k’, of the modulator is also a function of the input 1<1’

frequency. l~urthcrmore,  the frequcmcy  response of t}]e 1<1: filter in the loop can also
be lumped into G(VO).  In the discussions below, we will introduce a unitless

complex filter function fi(~) to explicitly account for the combined effect of all
frequency dependent components in the loop while treating G(VO) to be frequency

independent:

F(o) =“ F((D)ci@@) , (11)

where @(co) is the frequency dependent phase caused by the dispersive component
in the loop and F(o) is the real normalized transn~ission  functicm.  Now llq. (9a)

can be rewritten in complex form as:

Vou, (f) = i((o)c;(vo)~n((l),  r), (9b)



f)

where and V,U, (t) are complex input ancl output voltages. Note that although IIcl.

(%) is linear, the nonlinear effect of the modulator is not lost -- it is contained in the
nonlinear gain coefficient G(VO).

C. Oscillation Frequency And Amplitude

in this section wc derive the expressions for the aml)litucle and frequency of 1,IMO.
1,ik~~ other oscillators, the oscillation of a I,IMC)  starls from noise transient, which is

then built up and sustained with feedback at the level of the oscillator output signal.
We derive the amp]itude of the oscillating signal by considering this process

mathematically. ‘J’he noise transient can be vicnved as a collection of sine waves
with random phases and amplitudes. ‘1’o simplify c)u~ derivation, wc use this noise

input with the linearized expression llq. (9b) for the loop response. Because liq. (9b)
is linear, the superposition principal holds and we can analyze the response of the
1 JIM(3 by first inspecting the influence of a single frequency component of the noise
spectrum:

where V,l (co) is a complex amplitude of the freque~lcy component.

Once the noise component of Iiq. (12) is in the oscillator, it would circulate in the
loop and the recurrence relation of the ficlcls froni 1 lq. (9b) is:

v“(w)  =’ i’((o)G(vo)vn.,  ((Lr,l -- T’), (13)

where T’ is the time delay resulting from the physical length of the feedback and n is
the number of times the field has circulated around the loop, with
~= ~(co,~) = ~,, (cD, z). In llq. (13), the argmncnt VO in (;(~) is the amp]itude of the total

field (the sum of all circulating fields) in the loop.

ll~c total field at any instant of time is the summation of all circulating fields.

‘1’herefore, with the input of Ilq. (12) injected in the oscillator, the signal measured at
the 1<1: input to the modulator for the case that th(’ open loop gain is less than unity
can be expressed as:

(14)
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For loop gain below threshold and with VO small, G(VO) is essentially the small sigrlal
gain C;$ given by Ilq. (4)

“1’he corresponding 1<1~ power of the circulating nois[> at frequency co is thereforw

I V((l), t )[2

1’((0) = - ~~
G;lq(@/(2R)

21< = ‘-”-- ~-” ‘-il-l II (@) G(vo)l - 21~((t))l(;(v;  )lcos[(Dz’+  $({0) “i ff)o]’
(15)

where @a =- oif  G(V’’)>O and @O =- n if G(l; )<: ().

l:or a constant ~~ (co), the frequency response of a 1,1 M(lhas equally spaced peaks

similar to that of a l:abry-l)erot  resonator, as shown in Fig. 3. “1’hese peaks are located

at the frequencies determined by:

@~7’-I @(CoL  ) -{ @o = 2kn k=-o,l,2..., (16)

where k is the mode number. in };ig. 3, each peak c or~ esponc]s  to a frequency
component resulting from the coherent surnmatio] I of all circulating fields in tlir
loop at that frequency. As the open loop gain incr(ascs, the magnitude of each peak

becomes larger and its shape becomes sharper. “J’hcse  peaks are the possible
oscillation modes of the l, IMC). When the open loop gain is larger than unity, each
time a noise component at a peak frec]ucmcy  triivels around the loop, it is amplifiec]
and its amplitude increases geometrically -. an oscillation is started from noise.

Because an 1<]; filter is placecl in the loop, the gain of only one mode is allowed to be
larger than unity, thus selecting the mode that is allowed to oscillate. Because of the
nonlinearity of the 11/0 modulator or the 1<1~ amplifier, the amplitude of the
oscillation mode cannot increase indefinitely. As the amplituc]e increases, higher

harmonics of the oscillation will be generated by the nonlinear effect of the

modulator or the amplifier, at the expense of the oscillation power, and these higher
harmonics will be filtered out by the R}: filter. llffcctivcly,  the gain of the oscillation

mode is decreased according to Ilq. (lo) till the 8ail~ is, for all ~u-actical  measures,

equal to unity, and the oscillation is stable. As will be shown later, because of the

continuous presence of noise, the closeci loop gain of an oscillating mode is actually
less than unity by a tiny amount On the order of 10-10, which ensures that the
summation in IIq. (14) converges.
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in the discussion follows cn]ly one mocle k is allowed to oscillaie,  and so we will
denote the oscillation frequency of this mocle as fO,, m COO,,, (fOO1< = 2,nfo,c ), its
oscillation amplitude as VO,$C, and  its oscillation pow~~r as };$C (l;,,C = VO~C/2R).  ]n this

case, the amplitude V. of total field in liq. (15) is just the oscillation amplitude VO,C of

the oscillating mode. If wc choose the transmission peak of the filter to be at the
oscillation frequency foo,c and so F(coO$C)  = 1, t}w oscillation amplitude can be solved
by setting the gain coefficient lG(~,,,  )l in I\q. (15) be llnity. lkom Ilq. (1 Oa) it leads to:

IJ, (:* )1= -1 *V”’” ,
II 21(;  ,1 Vn

(17a)

In deriving llq. (1 7a), wc have assumccl that the 1<1:  amplifier in the loop is linear
enough that the oscillation power is limited by tllc ILmllinearity  of the Ii/C)
nlodulator+ The amplitude of the oscillat icm can be ob{ ainecl by solving llq. (1 7a)
graphically, and the result is shown in l~ig.  4a. Note that this result is the same as
that obtainecl by Neyer ant] Vogcszo  usinp, a more complicated approach.

1 f we use Iiq. (lOb), we can obtain the approximated solution of the oscillation
amplitude to bc:

3rd ordc~  expansion

2J:V[ At, ) 5t’’orderex’)ansio’”y),,, == ---- ~---~ 1- --]- ----- – ]

(17%)

(17C)

I’he threshold ccmclition  of IG$I> I is clmr]y indicate{] in llq. (1 71)) and llq. (17c). Fig.
4a shows the normalized oscillation amplitude as a fullct ion of I GLYI obtained from

Iiq, (17a), Eq. (17b) and F,q. (17c) respectively. Comp:lring the three theoretical curves
one can see that for lG~l< 1.5, the  3rd order expansio] i result is a ~,ood approximation.
IJor I G~l< 3, the fifth order expansion result is a gcmd a~q>roximaticm.

l’hc corresponding oscillation frequency ~,f :. L == [IJ~ /2n can be obtained from llq.

(16) to be:

L,,, “ L “(~ +“ I I 2)/~ for G(VO,( ) <0, (18a)

f“,,, ~“ ~ = /t/’t for G(VO,,c) >0, (It%)



where T is the total group delay of the loop, includi~ ~g the physical length delay -r’ of
the loop and the group delay resulting flom dispersive components (such as an
amplifier) in the loop, and it is givc]i by:

(19)

l:or all practical purposes, 31 (n VO,,c /Vn ) >0  or \~YC/V,  <1.2,1 and the sign of G(VO,c ) is

determined by the small signal gain ~~,f. It is interesting to notice from Eq. (18) that

the oscillation frequency depends on the biasing polarity of modulator. For negative
biasing (G, < O), the fundamental frequency is l/(2 T), while for positive biasing

((;, > O), the fundamental frequency is doubled to 1/r.

1), The  Spectrum

‘1’he fundamental noise in a 1,lMO consists of the tllerma] nc)ise, the shot noise, arid

the laser’s intensity noise, which for the purpose of analysis can be viewed as all
originating from the photc)detector. Since the photodetector  is directly connected lo

the amplifier, the noise can be viewed as mltcring tile oscillator at t}~e input of the

amplifier, as shown in l;ig. 2.

We compute the spectrum of the oscil]at or signal by determining the power speci ra !
density of noise in the oscillator. 1 et p~(fo) be tile lmwer density of the input noise

at frequency co, wc have

P~(@)A~  = !~@)12..,21{
(20)

where A~ is the frequency banciwic]th. Substituting l;q. (20) in IIc]. (15) and lcttins
I“(coO,,,) = 1, we obtain the power spectra.] density of the oscillating mode k to be:

s,,(f) = w:]- ~ ___ /’F@: [m< __
Afl:,c 1+ I I“(j-’  )G(VOJ --2}’’(j-’ )! G(v”,( )Icos(imf” 7) ‘

(21)

where ~’z (co - co0,C)/2z is the frequency offset fronl the oscillation peak fo,c. III
deriving liq. (21), both l;q. (16) and }[q. (39) are used.

I\y using the normalization condition
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we obtain

l-I G(VO$( )12= 2[1--IG(VOJC)I] = :1:2
Clsc

(22)

(2?3)

Note that in llq. (22), wc have assumed that the spectra] width of the oscillating
mode is much smaller than the mmlc spacing I/z of the oscillator, so that the

integration over 1/7 is sufficiently accurate. 1]1 addition, in the derivation we have

assumed that I ~;(~’ )! = 1 in the frequency band of integration.

Typically, p~ - 10-]7 mW /} 17, l:,, -10 mW, G; -100, and T -1 0-(’s.  From ltq. (23)

me can see that the closed loop gain lG(\~$C )1 of the oscillatinfi mode is less than
unity by an amount of 10-10. ‘1’herefore the equatic)n  I G(\(,fC )1’= 1 is sufficiently
accurate for calculating the oscillation amplitude 1(,,, as proceeded in llq. (17).

l~ina]ly, substituting IIq. (23) in l{q. (21), wc obtain t}w RF spectra] density of the I,IM(>
to be:

sRF(f’) = - ----- ~~~ - ~
(2 - iyt) - 2{1 - 3/zCos(izf’7)

(24a)

where 6 is defined as:

As mcmtioncd before, pN is the equivalent input noise density injected into the

oscillator from the input port of the amplifier and l;,(./G~ is the total oscillating

power measured before the amplifier. ‘] ’Hereford d is the inpllt noise-to-signal ratio

to the oscillator.

For the case where 2nf’ T <<1, we can simplify Iiq. (24a) by expanding the cosine
function in ‘1’aylor series:

SRF( f ‘) = ---------- 6 ..__
(6/27)2 + (27L)2(Tf’)2  ‘

(24b)

I!q. (24b)  is a good approximation even for 2z f‘ -r: 0.’7 at which value the error
resulted from neglecting th(’ ]Iig]lcr order terms i] 1 q’aylor expansion is less than 1 O/O.
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It can be seen from liq. (24b) that the spectral density of the oscillating mode is a
1 .orentzrian function of frequency. Its full width at half maximum (} ’W] JM) Aj}W,,,~  is

(26a)

It is evident from l~q. (26a) that Af., ~r,,~f  is inversely ~lroportional  to the square of ]oop
delay time and linearly proportional to the input noise to si~ru~l  ratio 6. l:or a

typical 6 of 10-1~  /1 IZ and a loop delay of 100 ns (20 m), the resulting spectral width is
sub mini 1 Iertz. q’he fractional power contained in AjFW,,,Jf is Afl ,,,,,A,SRF(0)  = 64%.

l;rom Hq. (26a) one can also seti that for fixed pN and C;A, the spcct ral wicith  of a 1,lMO

is inversely proportional to the oscillation power, .<;in~i]al to t]le fan~ous  Schaw]ow.

‘J’ownes forn?ula2~/zd  for describing the s}mct  ral width Av,(,$,, of a laser:

(26b)

where p$ == }lv is the spontaneous emission noise dcmsity  of the laser, }:nrc, is the laser

oscillation power, and Tlfl,,, is the decay time of the laser cavity, I lowcwcr, as will be
shown in subsection 1{, both 1;,,, anti pN are functions of the photocurrent,  the

statement that the spectral width of a 1,1 M() is inversely proportional to the
oscillation power is only valid when thermal noise dominates in the oscillator at

low photocurrent  levels.

The quality factor Q of the oscillator from F,q. (26a) is

where Q] is the quality factor of the 100}) delay line and is (iefined as:

l~ron~ Eq.  (24b)  we easily obtain:

If’l<< AfwM/2

sRF(f’) = - ?--- 1 f ‘1>> Af[.w,,:h{  /2
(2~)2(-rf’  j’

(27)

(28)

(29a)

(29b)



It can be
unity, its

shownzs  that for an oscillator with a phase fluctuation much less than
power spectral density is equal to IIW sum of the single sicle band phase

noise density and the single side band amplitude noise density. in most cases in
which the amplitude fluctuation is much less than the phase fluctuation, the power
spectral density is just ihe single side batld phase noise. ‘1’hcreforc,  it is evident from
llq. (29b) that the phase noise of the 1,lM() decreases quadratically with the frequency

offset ~’. l:or a fixed J‘, the phase noise dccl t,ases quadratically with the loop delay
time. l’he larger the z, the smaller the phase noise. 1 lowevcr,  the phase noise
cannot decrease to zero no matter how large T is, because at lar~e ctmugh z, liq. (24b)
and llq. (29b) are not valid anymore. Vrom llq. (?4a), the minimum phase noise is
“’”n = 6/4 at .f’ =: l/2T. l~or the frequency offset j’ oulside of the pass band of the 100pf“L ~fi

filter (where l’(f’ ) :-0 ), {he phase noise is sin~}>]y th( noise to si~na]  ratio 6, as can be
seen from l;q. (21).

l;q. (24) and l{q. (29b)  also indicate that the oscillator’s phase noise is indepcmdcmt of
the oscillation frequency ~$(. This result is significant because it allows the

generation of high frequency and low phase noise signals witl~ the I JIM(3. ‘1’he phasr

noise of a signal generated using frequency ~nultif>lying  methods Ceneral]y increases
quadratically with the frequency.

E. “1’he Noise to Signal Ratio

As mentioned before, the total noise density input to tlw oscillator is the sum of the
thern~a] noise’ ~,herni.i == 4kBT(AJF),  the shot noise p$~O, ~: 2elPhR, and the laser’s relative
intensity noise (RIN) pR,~ = NR,J~hR  densities:z~~p~

/3~ = 4kR7’(NJ’) i 2dPhR -+ NR,&jL (30)

w}~ere kB is the Boltzrnan constant, 7’ is the ambient temperature, NF’ is the noise
factor of the RJ: amplifier, c is the electron charge, lP,, is the photocurrent  across the

load resistor of the photc)detector,  ancl Ar RIN is the RIN of the pump laser.

lirorn Iiq. (25) and liq. (30) one can sce that if the thermal noise is dominant, then 6
is inversely proportional to the oscillating; power };,( of the oscillator. in general, I;,C
is a function of photocurrent  lP~ ant] amplifier gain GA, as cletermined by Eq. (17),

and the noise to signal ratio from l;q. (25) is thus
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2  4k7’(Nl;)-~  2d R+ N  12  RJ ~ _- !-%’ - . .-. _ .-2!. ----- !w?!--
1 --- 1/1 C;s I 41)2 Cos’(nvR/vn )1;,,1{.

(31)

In deriving IIq. (31), llq. (4) and Eq. (17b) arc used. 1~1 mn Ilq. (31) one can see that 6 is
a nonlinear function of the small si~, na] p,ain of the [~scillator. As shown in l~ig. 5a,
it reaches the minimum value at IC;$I==  3/2.:

4kT(N1’)  + 2cI R+ N 121 <
fi,,,n z ----------- –- J!fi. WN 1’!. ,

(16/27)@
(32)

where ?] = 1 and cm(nV,~/Vm ) = 1 arc assumed. ~’hc oscillation amplitude at l[;~l= 3/2

can be obtained from llq< (17b) to bc

VO,TC  = 2~2Vn/(nI/3) = 0.52Vn, (33a)

and the corresponding RI; power is

1:,, = 4 v=2/(371’R) = 1 ol:,d~/3  , (33b)

where ]~,~~ is the input 1 d13 compression power of tl~e ]1/(J modulator. *T~2s From ]iq

(33b) one can conclude that in order to have mininlurn  noise, the oscillation power

measured at the input of the 1;/0 modulato~ shc)uld  bc 5 cll; abc)ve the 1 dll
compression power of the modulator. Eq. (33a) indicates that the noise of the
oscillator is minitnum when the oscillating amplitude is roughly half V. or the

voltage in the oscillator is varying between the peak and the trough of the
sinusoidal transmission curve of the 1;/0  mc)du]ator.  l“his makes sense because the

modulator has its minimum sensitivity to voltage variations at the maximum and
the minimum of the transmission curve, and the nlost likely cause of voltage
variations in a I,IMO is the noise in the loop.

It is evident from ]lq. (W) that the higher the photocurrent, the less the noise to
signal ratio of the oscillator until it flattens cmt at the laser’s RIN level. Therefore,

the ultimate noise to signal ratio of a I,IMO is limited by the pump laser’s I<IN. If
the RIN of the pump laser in a I.lMO is -160 dB/I 1~,, the ultimate noise to signal
ratio of the oscillator is also -160 dB/1 IZ and the sigl~al to noise ratio is 160 clB/] Iz.
Fig. 5b shows the noise to signal ratio 6 as a functi[m of photocurrent  lP~ for

different RIN levels. in the plot, the small signal ~)ain Gs is chosen to be a constant
of 1.5, which implies that when lP,, is increased, th(’ amplifier gain (;~ must be
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decreased to keep G~ constant. }kom the figure one call easily see that 6 decreases
quadratically with 1,,,, at small lP~ and flattens out at the RIN level at large lP~.

F. Effects of Amplifier’s Nonlinearity

In the discussions above, we have assumed that thr nonlinear distortion of a signal
from the 1;/0 modulator is more severe than from the amplifier (if any) used in the

oscillator so that the oscillation amp]itude or power is limited by the nonlinear
response of the 11/0 modulator. Using an cmginccn  ing term, this simply means that
the output 1 dl; compression power of the amplifier is much larger than the input 1
dI~ compression power of t}~e 11/0 n~ocl~llaor.z~

I:or cases in which the output 1 dl~ compression power c)f the amplifier is less than

the input 1 dl~ compression power of the ]noclulator,  the non] inearit y of the
amplifier will limit the oscillation amplitude VO$C  (or power I;$C) of the oscillator,

resulting in an oscillation amplitucic  less that given by liq. (17). ‘l’he exact rclat io] I
between  the oscillation amplitude (or power) and the small signal gain (;~ can be

determined using the same linearization procedure as that for obtaining Eq. (17) if

the nonlinear response function of the amplifier is known,  1 lowever,  all the
equations in subsection 1> for ciescribinf; the spectrLml of the oscillator are still valid,
provided that the oscillation power in those equations is determined by the
nonlinearity of the amplifier. lbr a high enough small signal gain C;L$, the

oscillation power is approximately a few d]] above the output 1 ciI\ compression
power  of the amplifier.

]n all the experiments discussed below, the outpuf 1 dll compression power of the
amplifiers chosen is much larger than the input 1 dll compression power of the
modulator so that the oscillation power is limited by the moclu]ator.

I; XIWRIMI?NTS

A. Amplitude vs. Open Loop Gain

We performed measurements to test t}~e level of agreemeni of ihe theory described
above with experiments] results. in all of our experiments, we used a highly stable
diode-pumped Nd:YAG ring laserzq with a built-in RIN reciuction circuitzg to pump
the 1,lMO. “J’hc experimental setup for mcasulin[’, the oscillation amplitude as a
function of the open loop gain is ShOWJ-l in l:ig. 6a. ] ]ere an ]<]; switch was used to
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opcm and close the loop. W}lilc the loop was open, an l<l; signal from a signal
generator with the same frequency as the oscillator was injected into the 1;/0
modulator. The amplitudes of the injected signal and the out~)ut  signal from the
loop was measured with an oscilloscope to obtain the open loop gain whic}~  was the
ratio of the output amplitude to the injected signal amplitude. ‘1’hc open 100p gain
was varied by changing the bias voltage of the }1/0 modulator, or by attenuating the
optical power of the loop, or by using a. variable Rl; attcmuator  after the
photodetectc)r,  as indicated by l;q. (4). When closing the loop, the amplitude of the
oscillation was conveniently rncasured  using the same oscilloscope. We measured
the oscillation amplitudes of the 1 JMO for different open loop gains at an oscillation
frequency of 100 MI 1~,, and the data obtained is plotted in liig. 4b. It is evident that
the experimental data agrees well with our theoretical predictions.

B. The Phase Noise Measurement Setup

noise of the
of this

be used to

We used the frequency discriminator method~o to measure the phase
1,lMO and the experimental setup is sl~own  in l~ig.  6b. “1’he  advantage

method is that it does not require a frequency reference ant] hence can
measure an oscillator of any frequency. Usjng a microwave mixer in the
experiment we compared the phase of a si[;l lal fron 1 the electrical output port of t}~e
L,lMO with its delayed re])lica froIn the optical output port. ‘l’he length of the delay

line is important because the longer the delay line the lower the frequency offset at
which the phase noise can be accurately rncasurrd. On the other hand, if t}~e delay
line is too long, the accuracy of the phase noise at l~igher frequency offset will suffer,
‘1’he length of delay used in our cxperirncnt is 1 km or 5 ps. Because of this delay,

any frequency fluctuation of the L,IM() will cause a voltage fluctuation at the output

of the mixer. We measured the spectrum of this voltage fluctuation with a high
dynamic range spectrum analyzer and transferred the spectral clata to a computer.

Finally, wc converted this information into the phase noise spectrum of the l,JMO
according to the procedures given in reference 30. in these experiments, the noise

figure of the l<]; amplifier was 7 dl~.

C. Phase Noise as a Function of Offset Frequency a]ld Loop Ik]ay

Fig. 7a is the log vs 10g sca]e p]ot of the mc:isurcd ] )hase noise as a function of the

frequency offset ~’. ]lac]l CUI vc corresponds to a different loop delay time. C]ear] y,
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the phase noise has a 20cI13 pm decade dependence cm the frequency offset, in
excellent agrcemcni  with the theoretical prwliction of llq. (29 b).

Uig. 7b is the measured phase noise at 30 k] IZ from the center frequency as a function

of the loop delay time, extracted from the different cu~ ves of l:ig. 7a. Because the
loop delay is increased by adding more fibe~ segments, the ofwn loop gains of the

oscillator with longer loops decrease as more segm(mts arc comlccted,  causing the

corresponding oscillation power to decrease. li-om the results of I:ig. 9 below, t}~e
phase noise of the 1,lMO decreases linearly with tht’ oscillation power. To
extrapolate the dc’pendence of the phase noise on the loop delay only from Fig. 7a,

each data point in l~ig.  7b is calibrated using the linear dependence of l~i,g. 9, while
keeping the oscillation power for all data points at “1 6.33 n~W. ACain,  the
experimental data agrees well with the tlmoretical 1 prediction.

11. Phase Noise lnclepcndence  of Oscillaliorl l~rcquency

To confirm our prediction that the phase noise of tile I,IMO is independent of the
oscillation frequency, we measured the phase noise spectrum as a function of the

oscillation frequency and the result is shown in l:ig. 8a. In the experiment, we kept

the loop ]cngt}l at 0.28 ps and varied tl-le oscillation frequency by changing the RF

filter in the loop. ‘1’he frequency was fine tuned using an RI; line strctc}~er. It is
evident from l;ig. 8a that all phase noise curves at f] equencies 100 Ml Iz, 300 Ml lz,
700 MHz, and 800 Ml IZ overlap with one another, indicating a good agreement with
the theory. l~ig.  8b is a plot of the phase noise data at 10 kl Jz, as a function of the
frequency. As predicted, it is a flat line, in contrast with the case when a frequency
multiplier is used to obtain higher frequencies. This result is significant because it
confirms that the l,lMO  can be used to generate hig]l frequency signals up to 75 G] IZ
with a much lower phase noise than that can be att{lined with frequency

multiplying tec}lniques.

1{. I’hasc Noise as a Function of Oscillation Power

We have also measured the phase nc)ise spectrum of the 1,lMO as a function of

oscillation power with the results shown in l;ig. 9. in this experiment, the loop
delay of the l,lMC) was 0.06 ps, the noise figure of t}le R}: amplifier was 7 d]], and the
oscillation power was varied by changing the photocurrent 1,,~ according to Ilqs. (3),

(4), and (17). With this amplifier and the photocun ent level (1.8 n~A -2,7 mA), the
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thermal noise in the oscillator dominates. Recall that in l~q. (24) and Hq. (25), the
phase noise of a 1,lMO is shown to be invemcly proportional to the oscillation
power. This is true if the gain of the am}>lifier is kt’pt constant and the photocurrent

is low enough to cmsure that t}~e thermal noise is t]le dominant noise term. in l:ig.
9a, each curve is the nwasuremcnt data of the phase noise spectrum corresponding
to an oscillating power and the curves in Fig. 9b are the fits of the data to Ilq. (29b).

l;ig. 9C is the phase noise of the 1,]MC) at 10kl Iz as a function of the oscillation power,
extracted from the data of Fig. 9b. ‘J’he resulting linear dependence agrees well with
the theoretical prediction c)f Eq. (2%).

SUMMARY

We have introduced a high frequency, high stabilit)~,  high spectra] purity, widely
tunable electro-optic  oscillator which wc have termed L.,1h40.  “1’he high stability and
spectral purity of the ] ,] MC) result from the extremely low encr~y storage loss

realization obtained with a long optical fiber. The optical fiber is also virtually free
of any frequency clependent loss, resulting in the same long storage time and high
spectral purity signals for both ]OW and hig]l frequency oscillations. on the other

hand, the oscillation frequency of the I,IMO is only limited by tl~e speed of the
modulator, which at the present can be as hi#~ as 75 [;1 Iz. As yet another unique
feature, the outf>ut of the 1,lMO may be obtained directly as microwave signals, or as
intensity modulations cm an optical carrier for easy interface with optical systems.

We also analyzed the performance of this oscillator by deriving expressions for the

oscillation threshold }iq. (5), oscillation amplitude l:.q. (17), a~ld oscillation frequency
llq. (18). This result agrees quite well with experimental data obtained with

laboratory versions of the I.IMO.

We derived the expressio~~  for the spectrum of the output of the 1,]MC) and showed
that it has a 1,orenzian line shape, givel~ by liq. (24). The spectra] width of t}~e output
signal was found to be inversely proportional to th(’ square of the loop delay time,

given by llq. (26). in addition, at low optical pumpirq; levels where thermal noise
dominates, the spectral linewidth was found to be inversely proportional to the

oscillation power of the oscillator, similar to the Sc’hawl[)w-’l’c)wl~es  formula
describing the spectral width of a laser. Si~lce  increasing the optical pump power
increases the oscillation power, in this regime the linewiclth  of t}~e 1,IM() decreases
as the optical pump power increases. On the other hand, at hi#~ pump powers
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where the pump laser’s relative intensity noise dominates, the sfwctra] width
approaches a minimum value determined by the laser’s 1<1 N noise, as given by liq.
(24) and l}q. (32). We measured the phase noise spectrum of the 1.]MC) and verified

our theoretical findings.

It is important to note that the analysis performed h~?re  was for the specific case of
the 1,lMO with a Mach Zchnder  elcctro-optic  modulator. CM~er modulation
schemes such as with cdectro-absm-ptive modulators or the direct modulation of
semiconductor lascrs~l  will also lead to signals wit]l cl~aracteristics similar to those

obtained in this work. IJor these cases the theoretical approach developed above is
still applicable after suitable modifications. ‘1’he major change required in the
analysis is the replacement of Eq. (1) which describ(’s the trans]nission c}~aracteristics

of a Mach Xehndcr  modulator with the app] opriate equation for the specific
modulation scheme. All other equations can then be derived in the same way as
described in the theory.

llecause of its unique properties, the 1,lMO may be used in a number of applications.
As a voltage controlled oscjl]ator,l  ? it can pm-form all the VCX) functions in both
electronic and photcmic applications including ~en~’ratin~,,  tracking, and cleaning R];

carriers. the 1,lMCI has the unique property of actually amplifying injected signals,’2
and thus may be used in high freclucncy car] ier re~,enwaticm and signal
ampljfjcation. Other important potential applications c)f the l.JMO  include high
speed clock rccovcry, ~ZJ~~ comb and pulse ~cmerati(m,lz  hig}l gain frequency

multiplication, and photonic signal up and down col~version34 in photonic 1<1~
systems.~~/~G
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IIGURI{ CAPTIC)NS

l;ig. 1 Comparison of
oscillator (b).

a van cler ’01 oscillator (a) wit}l a light induced microwave

IJig. 2 Ilctailccl  construction of a 1,IMO.  optical injection and l<l; injection porls are

supplied for syncl~rcmiz,ing  the oscillator with an external reference by either optical
injection Iockin$ or electrical injection locking.lz ‘] ’he ~>ias port and the fiber

stretcher can be used to fine tune the oscillation frequency.lz Noise in the oscillator
can be viewed as being injected from the input of the amp]ifier.

Fig. 3 Illustration of the oscillator’s out])ut spectra below and above the threshold.

Fig. 4 Normalized oscillation amplitude of a l,lMO  as a function of small signal gain
G,. (a) Theoretical calc~llation  using liqs. (17a), (17b), and (17c). (b) Ilxperimental  data

ancl curve fitting to Ilq. (17b) and l+q. (17c).

}~ig. 5 Calculations of 1,IMO’S  input noise to signal ratio. (a) input noise to signal
ratio as a function of small signal gain C;L$,  showing a minimum value at C;<$ = 1.5.

(b) input noise to signal ratio as a function of photf)current  for different values of
laser’s RIN noise. in the calculation, tlw noise
to be 2 and {;~ is fixed at 1.5.

l:ig. 6 Ilxperimental  setups. (a) Ii>r measuring

factt)r of the 1<1’  amplifier is assumed

the oscillation amplitude of a l,IMO
as a function of the small signal gain. (b) For measuring the phase noise of a I,IM()
using frequency discrimination method.

l~ig. 7 Single side band phase noise of a 1,IM() measured at 800 Ml Iz,. (a) Measured
phase noise spectra at differerlt ]oop de]ays and their fits to ]lc]. (29b). I’he

corresponding loop delays for curves 1 -5 are listed acljacent  to each curve and the
corresponding oscillation powers are 16,33, 16, 15.67, 15.67, and 13.33 dllm
respectively. Curve fitting yielcls the following phase noise rclaticms as a function of
frequency offset ~’: -28.7 -- 2010g(J’),  -:34.84- 2010g(~’),  -38.14- 2010g(~’),
--40.61 – 20 log(~’), and --50.45 – 20 log(~’). (b) I’base noise at 30 k] lZ c) ffset from the
center frequency as a function of loop delay. Data ~Joints were extracted from curves
1-5 of (a) and were corrected to account for oscillation power differences.



I~ig. 8 Single sicle band phase noise measurxvnents of the 1,lMCJ at different
oscillation frequencies. (a) Phase noise s])ectra. (b) ]’base noise at 10 kl Iz offset

frequcmcy  as a function of oscillation frequency, extl acted from (a). The loop delay

for the measurements is 0.28 ps.

l:ig. 9 Single side band phase noise spectra as a function of oscillation power

measured at 800 Ml Iz. (a) I!xperimental data. (b) ~’he fit to liq. (29b). (c) Phase noise

at 10 k] lZ offset as a function of oscillation powe] extracted from (b).
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